Caddisfly (Trichopera) can glue diverse material underwater with a silk fiber. This makes it a particularly interesting subject for biomimetcs. Better understanding of silk composition and structure could lead to an adhesive capable to close bleeding wounds or to new biomaterials. However, while spiderweb or silkworm secretion is well researched, caddisfly silk is still poorly understood. Here we report a first nanomechanical analysis of H. Angustipennis caddisfly silk fiber. An Atomic Force Microscope (AFM) imaging shows dense 150 nm bumps on silk surface, which can be identified as one of features responsible for its outstanding adhesive properties. AFM force spectroscopy at the fiber surface showed, among others, characteristic saw like pattern. This pattern is attributed to sacrificial bond stretching and enhances energy dissipation in mechanical deformation. Similarities of some force curves observed on Tegenaria domestica spiderweb and caddisfly silk are also discussed. Steered Molecular Dynamics simulations revealed that the strength of short components of Fib-H HA species molecules, abundant in Trichoptera silk is critically dependent on calcium presence.
Introduction
Living systems provide an excellent inspiration for the design of engineering constructions, pharmaceutical formulae, and new materials [1] . Silks, due to their extraordi- * E-mail: jast@fizyka.umk.pl nary mechanical properties such as high tensile strength and extensibility, are a particularly interesting target for biomimetics. Both natural Bombyx mori (BM) silkworm and synthetic silks are widely used in the textile industry. Due to its biocompatibility silk can also be utilized as a biomaterial, allowing it to be used in regenerative medicine for functions such as the creation of scaffolds [2] . Production of nanofibers from silk also attracts the attention of engineers [3] . Silk fibers, produced in spinning glands and spinnerets, are composed mainly of long proteins. They are produced not only by silkworms but also by spiders and numerous other species [4] and perform different functions in the world of invertebrates. Since the amino acid composition of silk differs among various species, new properties of such "exotic" fibers may be expected. In this paper we present the first nanomechanical studies of natural fibers produced by caddisfly (Insecta, Trichoptera).
Trichoptera are closely related to the order Lepidoptera and the two orders together comprise the superorder Amphiesmenoptera. Trichoptera larvae and pupae, in contrast to spiders and silkworms, live predominantly underwater and use silk fibers to build pupation cases and tubular case shelters or nets for capturing food [5, 6] . To perform these tasks, the caddisfly silk has special properties: it has to be highly insoluble in water, and adhesive to wet surfaces. In Trichoptera the 'weaving' is done by the elements of the mouthpart and not of the abdomen, as in the case of spiders, which makes it much more precise. The variety of forms and versatility of silken products is comparable in Trichoptera and Araneinae. Thus, Trichoptera silk can provide material for fibers excelling in underwater tasks, and in particular, water resistant biocompatible glue. Even though caddisflies, in contrast to spiders, are not cannibals and are easier to rear, their fibers are not long enough for industrial applications. Thus, a better understanding of the composition and structure of Trichoptera silk is necessary to synthesize it with bioengineering and electrospinning techniques, as has recently been performed for spider silk [7] .
With optical and electron microscopy it was possible to determine that, similarly to silkworm silk, individual fibers consist of two filaments, giving them a ribbon shape (Fig. 1 ). This construction is spun by twin silk glands. Individual fibers of caddisfly silk can be a couple of centimeters long and 0 5 − 7 micrometers wide, with a rather uniform height of 0 8 − 1 0 micrometers. Ribbons are composed of bundles of 15 − 25 Å filaments of H-fibroin and L-fibroin [8, 9] . Additionally, both ribbons are embedded in the peripheral layer which is rich in oligosaccharides [8] . The amino acid sequence of the most abundant proteins -fibroins -present in Trichoptera silk is known -PDB accession number of Fib-H: A5A6G5, Fib-L: A5A6G6.
It is expected that the detailed composition of these proteins, together with how the proteins fold, determines the mechanical properties of the silk. The bulk strength of individual fibers and protein glands were determined using a tensile tester [10] [11] [12] . The obtained data indicate that Trichoptera silk has a tensile strength similar to spider or BM silk, with a strong dependence on humidity. However, the nanomechanical properties of Trichoptera silk have not yet been studied. Here we report the first Atomic Force Microscope (AFM) imaging of single molecules from fibers produced by Hydropsyche angustipennis (HA) Trichoptera. The goal of this study is characterization of the surface of Trichoptera silk, i.e. morphology on the nanoscale, and checking to what extent HA fibers are distinct from the spider fibers, whose surface has already been imaged with an AFM [13, 14] . The AFM force spectra of individual molecules from the surface of the HA fiber are also presented and discussed for the first time. Analogous measurements were also performed for spider silk from Tegenaria domestica (TD) as a reference.
The interpretation of AFM spectra is much simpler if data on simulated stretching of biopolymers are available [15, 16] . The increase of the contour length during mechanical protein unfolding can be successfully linked with the length of extended domains calculated from simulations. Thus, the simulations provide a necessary tool for proper interpretation of force spectra of individual biopolymers. Therefore, we performed modelling of important, short components of Fib-H HA species molecules. Selected fragments of this protein were stretched using the all-atom steered molecular dynamics approach. Interestingly, we have found that the mechanical strength of this major protein of Trichoptera silk critically depends on the presence of calcium ions in the fiber. Our study may help to develop a new water resistant glue or new synthetic fibers useful for sutures or tissue engineering [17] .
The composition of the paper is as follows: In the first section experimental technique and computational protocols are described. In the second section we present results of AFM studies of HA fibers and results of computational stretching of single molecules of Fib-H fragments. In the same section an analysis of nanomechanics of HA silk is presented. Conclusions summarize the paper.
Experimental techniques
Firstly, silk net collected from laboratory bred HA Trichoptera was untangled with sharp needles to isolate single fibers. The fiber was then glued in elongated form to a glass substrate with nail polish. TD spider silk was prepared in similar manner. An AFM contact mode imaging of dry fibers was performed with Bioscope 2 Veeco AFM, using Veeco MSNL-D probes. AFM fast scan axis was set along the fiber length. Deflection error and lateral force images were flattened by subtraction of first-order polynomial plane fit. Force spectroscopy measurements were performed in deionized water using a homemade AFM one dimensional puller, inspired by [18] . A Veeco MSNL-C cantilever was calibrated using the thermal tune method [19] , placed over the fiber using an inverted optical microscope and lowered onto its surface with a micrometer screw. After touching the surface, a piezostack was used to move the cantilever away and towards the sample within the limit of 15 micrometers. Single molecules were picked by the untreated cantilever tip and stretched at 400 nm/s with a 2 − 4 nN loading force.
Computer modelling protocols
The main protein present in HA nanofibrils is fibroin. Its 3D structure is not known yet. In order to investigate the effects of phosphorylation and the presence of Ca 2+ ions in the silk we have constructed 8 models of short, frequently occurring modules of a heavy form of Trichoptera HA fibroin (Fib-H, accession number: A5A6G5). Particular attention was devoted to serine-rich motives SXSXSX which may strongly modulate mechanical properties of silk (see Fig. 2 ).
Figure 2.
A sequence of HA Fib-H chain with motives affecting mechanical properties of protein [34] . The fragment selected for computer modelling is highlighted.
The Molecular Builder implemented in the Discovery Studio suite of codes (Accelrys Inc., 2008) was used. Two spatial models of the Fib-H fragment were created. For the first model polypeptide (M_b), 31 amino acids long, we had assumed secondary structure in a form of two antiparallel beta strands. In the second model, having the same sequence, a form of two dextrorotatory alpha-helices was applied (M_a).
All Steered Molecular Dynamics simulations (SMD), were performed using the software package NAMD 2.6 [20] with the all-atom CHARMM27 force field [21] . In the SMD method an external virtual force is applied to investigate the elasticity of a long molecule. This computational technique has been often used in the interpretation of the AFM single molecule experiments [16, 22, 23] . The Visual Molecular Dynamics (VMD) program (version 1.8.7) [24] and home-made scripts were used to prepare input files and analyze output trajectories.
There are numerous models of water available. Their practical utility depends on the question asked [25] . We have selected the TIP3P model, very popular in CHARMM simulation of proteins, in order to ensure compatibility with our earlier results [22, 26] . All protein models were solvated using a 0.8 nm layer of TIP3P waters. Cutoffs of 12 Å for non-bonded interactions were applied, with a switching distance of 8 Å and pair list distance of 14 Å. The Langevin dynamics and the Langevin piston algorithm were used to maintain the temperature at 300 K and the pressure of 1 atm. The multiple time step method was employed, with time steps of 1 fs for bonded, 2 fs for short-range nonbonded and 4 fs for long-range electrostatic forces. We performed 0.2 ns of water equilibration, 10000 steps of minimization, 0.35 ns of heating from 0 K up to 300 K and 0.65 ns equilibration at 300 K of the whole system before starting each main SMD simulation. A constant velocity SMD method was used to stretch fragments of Fib-H. In this technique a virtual harmonic force is applied to one end of the protein (here the Cα atom of the C-terminus) whilst simultaneously the other end is fixed (Cα of N-terminus). The vector of the virtual stretching force was aligned with the line connecting the Cα atoms of the N-and C-terminal residues, and was calculated after water equilibration. The force probed by a virtual spring was calculated using the formula F = ( − ( 0 − )), where is the spring constant, is the velocity, is time, and and 0 are the positions of the pulled atom and the spring's opposite end, respectively. Structures were stretched at a constant speed of 0.025 Å/ps with a "virtual" spring constant of 4 kcal/mol/1 Å 2 (278 pN/Å). 2+ ) and/or the phosphorylation of serines (Ph) were changed. Initial structures are presented in Fig. 3 . Fig. 4 shows topography, deflection error and friction images obtained by AFM imaging of the silk surface. In agreement with previous optical microscope and SEM observations, the fiber consists of two joined filaments, with a distinct groove along their length. However, less ordered features, in particular dense 150 nm bumps, could also be seen. Such structures were not observed in SEM imaging. Similar surface patterns, albeit less dense and showing fibril structure, were however observed in spider silk AFM images [14] . Large features indicated by arrows on the friction image 4c have a friction response different than the surrounding area. Most probably these are foreign matter debris attached to the silk surface. Repetitive 150 nm bumps seem to be, on the other hand, structural features of the silk surface.
Experimental results and discussion
As this pattern shows increased friction (see Fig. 4c ), we hypothesize that it is created during silk spinning to provide a surface optimized for better attachment. Trichopera spin layer upon layer of silk to create the pupa case. The resulting weave sticks to very diverse material used to reinforce the case. Additionally, silk fibers are joined together to form a dense mesh in webs. Finally, the web has to hold caught prey. In all these situations nanometer scale roughness of silk provides a better sticking surface.
AFM force spectroscopy (Fig. 5 ) of spider and caddisfly silk exhibits a large variety of recorded force curves. For small extensions step like curves could be observed for both silks as seen in Fig. 5a , 5b. Such curves are typically associated with a rapid detachment and unpeeling of strands from substrate surfaces, as was reported in the case of amyloidal fibers [27] and cellular tethers [28] . At higher extensions of 4 micrometers some structures were stretched at forces of 200 pN as seen in Fig. 5c . Data obtained from spider silk not only shows similarity, but can be directly superimposed as in Fig. 5d . The relaxation curve follows the same trace as stretching and no hysteresis can be seen. However, long extension curves in Fig. 5e that show refolding with significant hysteresis were seen in caddisfly silk. While we observed such curves only in caddisfly silk, they bear significant resemblance to curves reported for catch silk of orb weaving spiders [29] . The existence of hysteresis indicates successful energy dissipation during stretching. It is a mechanism useful both for the web resisting water current and holding the prey caught in it, as well as in maintaining the integrity of the case protecting the insect during pupation. Finally, a saw-like patterned class of force curves was observed solely in caddisfly silk at small (600 nm) extensions (Fig. 5f ). These resemble a pattern seen when unfolding globular proteins [30] or amyloidal beta structures [27] and cloned nanofiber proteins from spiderwebs [31] . Such a pattern was also observed in secretions of microorganisms that stick to underwater surfaces [32, 33] . A hysteresis in stretching/relaxation, providing good energy dissipation during stretching is also present. Moreover, a saw-like pattern, reported in many biological systems with mechanical function, was also observed (f). Histogram of peak to peak distances is shown in the inset.
Results of calculations
SMD computed force-extension curves are presented in Fig. 6 (for M_b) and Fig. 7 (M_a). The mechanical strength of each studied fragment clearly depends on the simulation condition. In a normal saline solution, the unphosphorylated peptide may be fully stretched under a force of 500 pN, irrespective of the assumed secondary structure of the model. Using Ca 2+ ions in the medium instead of NaCl only slightly affects unfolding forces: they rise by some 100-200 pN (see Figs. 6 and 7) . There are some linking hydrogen bonds present in Ca 2+ solution and absent in the NaCl solution -this effect is weak, but noticeable. The phosphorylation of all serines (Ph) in the model also has some impact on the mechanical resistance of the fragment studied. In M_b the effect of phosphorylation is stronger than in M_a (see Figs. 6 and 7) . The most spectacular observation is a dramatic increase of maximum unfolding force for models with phosphorylated serines and with the presence of Ca 2+ ions in the medium. The maximum forces in M_a are about 2500 pN and for M_b are even higher, at the level of 3000 pN. The values of all maximal forces observed in computer stretching experiments for Ph M_b and M_a, in the presence of Ca 2+ , are shown in Tab. 1 and Tab. 2. The SMD simulations reveal the nature of observed maxima in force-extension spectra. The sequence of events related to these maxima, for the M_b (Ca 2+ , Ph) unfolding process, is shown in Fig. 8 . The Ca 2+ ions bind β strands together by strong interactions with negatively charged phosphorylated serines. At 1.6 ns the structure of the model is substantially stretched (Fig. 8a-8e ) and the force increases drastically. Thus, the interactions between the first two phosphorylated serines and Ca 2+ break (see Fig. 8e-8f ) and the force decreases. This explains the first maximum (Fig. 6) . The next three maxima have a similar origin: they are also connected with the loss of interactions between some of the phosphorylated serines and Ca 2+ (see Fig. 8f-8g, 8h-8i, 8i-8j ). The number of hydrogen bonds between β strands (and α helices as well) changes during simulations (data not shown) but it doesn't correlate with maxima in force spectra.
A similar effect of Ca 2+ and Ph is observed also for the α-helical model M_a (see Fig. 7 ), but the nanomechanical resistance of such an architecture is 30% smaller than that for β strands. Thus, the mechanical strength of Fib-H molecules, and probably the whole HA Trichoptera nanofibers as well, critically depends on the presence of phosphorylated serines in Fib-H and on the sufficient supply of Ca 2+ ions. Due to our modelling the molecular origin of this resistance is clear: numerous hydrogen bonds and electrostatic interactions between negative -PO 2− 4 groups and divalent Ca 2+ cations stabilize SXSXSX fragments very strongly. A similar mechanism has been already discussed in the literature [34] . One should note that in a real fiber probably not all serines will be phosphorylated. The concentration of calcium, though found to be very high (between 55 to 123 nmol) in Trichoptera silk [34] , may be not high enough to induce such a strong effect as that observed here.
The numerical values of maximum forces obtained from the SMD modelling don't necessarily correspond to the maxima observed in AFM experiments [22] due to the mismatch in pulling rates and limitations of force fields used in the simulations. However, simulation results can still help to explain the force spectroscopy results. As the simulation shows, a hidden length of approximately 10 nm is set free if all bonds break in M_a or M_b model structures, resulting in a decrease of force (Figs. 6 and 7) . Since during the AFM stretching many such structures unfold, we should expect a rapid decrease of force and increase of the contour length in multiplies of 10 nm. Such a situation can be observed in the force curve presented in Fig. 5f . Force curves of this type show a peak-to-peak length of 80 nm within the 40-250 nm range. The experimental fold of H-Fib is not yet known, but based on recent studies [35] one may expect that the hidden length in the whole H-Fib structure backbone (Fig. 2) is approximately 230 nm. Thus, we hypothesize that saw-like force curves result from breaking many beta (or, to a lesser ex- tent, α-helical) structures localized in parallel stacks. A similar situation has already been observed during breaking of many beta turns in amyloid fibers [36] . However, it is necessary to note that due to the random nature of the AFM molecule pick-up process the attachment points are scattered and this estimate is approximate. The present modelling data support the hypothesis that both phosphorylation and availability of Ca 2+ ions contribute substantially to mechanical and elastic properties of silk. This is particularly true if proteins are rich in amino acids prone to phosphorylation. Thus, based on this observation, the composition of artificial, biocompatible nanomaterials may be planned in a better way.
Conclusions
Our AFM images revealed for the first time a characteristic structure of the surface of HA silk fibers. We hypothesize that this pattern is created during spinning to optimize silk floss sticking. AFM force spectroscopy at the fiber surface shows a diverse mechanical behavior. The mechanical strength of individual molecules, probably fibroins, of HA is high (200 pN). Force spectra indicate the existence of a sacrificial bond mechanism that can serve as a mechanical buffer facilitating the dissipation of energy. Both the surface structure and the mechanical behaviour indicate that HA Trichoptera silk shows similarities to TB spiderweb. These similarities suggest that the same proteins can be present, even though both organisms represent distinct orders. With a denser silk surface pattern caddisfly silk is, however, better adapted to sticking and binding diverse materials. With our SMD simulation we have also found that the mechanical strength of nanofibers critically depends on the presence of calcium ions in the silk. Ions act as a kind of glue that increases the nanomechanical strength of model systems by a factor of 5. Independent studies show [34] that the content of calcium in HA fibers is very high indeed. Therefore these ions should be considered as an important component of future protein based nanomaterials.
